Introduction
New miniaturized and smart medical devices are more and more used in all medical fields, including miniaturized pacemakers. Via a catheter, these miniaturized pacemakers are directly implanted into the right ventricle of the heart [1] . The pacemakers with a surface consisting of a Ti alloy may have to be removed after several years (for instance, at the end of the battery lifetime of the device) and shall, therefore, not be completely overgrown by the cells or scar tissue after implantation [2] . Cardiovascular implants consisting, for instance, of Ti or Ti alloys often have surfaces which are repellent for adsorption of proteins and cells to avoid clotting or stenosis. This is achieved by surface modification or coating with thin films [3] [4] [5] . The aim of these treatments is either to make the surface bioinert, to apply coatings which release pharmaceutical drugs or agents preventing adsorption of cells or proteins, or to make the surface bioactive that it can be covered by endothelial cells which form the natural linings of the blood vessels. The surface modifications are also done to suppress corrosion and fouling of the implants in the human body environment and, for applications in hard tissues, to reduce friction and wear or to increase the osteointegration [6] [7] [8] .
Laser structuring offers a simple contactless one-step process for controlling the surface morphology of almost arbitrary materials ranging from transparent organic polymers to strongly absorbing metals [9] . Even when the irradiation is performed with a homogeneous spatial laser beam profile, repeated irradiation of the same surface spot by several laser pulses transforms the roughened surfaces via inter-pulse Abstract Miniaturized pacemakers with a surface consisting of a Ti alloy may have to be removed after several years from their implantation site in the heart and shall, therefore, not be completely overgrown by cells or tissue. A method to avoid this may be to create at the surface by laser-ablation self-organized sharp conical spikes, which provide too little surface for cells (i.e., fibroblasts) to grow on. For this purpose, Ti-alloy substrates were irradiated in the air by 790 nm Ti:sapphire femtosecond laser pulses at fluences above the ablation threshold. The laser irradiation resulted in pronounced microstructure formation with hierarchical surface morphologies. Murine fibroblasts were seeded onto the laser-patterned surface and the coverage by cells was evaluated after 3-21 days of cultivation by means of scanning electron microscopy. Compared to flat surfaces, the cell density on the microstructures was significantly lower, the coverage was incomplete, and the cells had a clearly different morphology. The best results regarding suppression of cell growth were obtained on spike structures which were additionally electrochemically oxidized under acidic conditions. feedback phenomena into characteristic self-ordered surface morphologies, such as nanometric laser-induced periodic surface structures (LIPSS) [10] [11] [12] [13] or micrometer-sized grooves and conical spikes [14, 15] . The feedback mechanism during repetitive treatments selects specific spatial periods of the roughness distribution that can absorb radiation better [16] . If laser scan processing with Gaussian beams is employed for structuring of large surface areas, the latter micrometer-sized spike structures are usually covered by the sub-micrometric LIPSS structures, resulting in hierarchical surface morphologies. The latter surfaces are often strongly hydrophobic, featuring the well-known water repellent Lotus effect [17] . The amount of different self-ordered surface structures renders various ways of particular surface functionalization possible-as demonstrated in applications for surface colorization [18] , the reduction of friction and wear [19] , the control of cell or biofilm growths [20, 21] , or the promotion of protein adsorption [22] .
Ranella et al. [23] have demonstrated that femtosecond laser-induced conical spikes on silicon surfaces can hinder the adhesion of fibroblast cells, at least for several days in culture. The laser irradiation was performed in an SF 6 atmosphere and the resulting surface with the laser-induced microstructures was super-hydrophobic. The suppression of the cell adhesion was probably due to the fact that the microstructures are too dense and sharp for the cells to fill the gaps in between the spikes and that the resulting surface for cell adhesion at the structure tips becomes just too small to form enough adhesion junctions in the cell membrane. In addition, the chemical composition of the surface is important. When the surface was oxidized, it became not only superhydrophilic, but it also could be colonized by the fibroblast cells. The confinement of the area of adhesion has also been reported for other laser-induced structures. We showed, for instance, in an earlier publication that shallow laser-induced LIPSS structures on polymers with a period of 250-300 nm restricted the cell-surface contact to the structure tops, while the cells could follow laser-induced structures with a wider periodicity [24] . These findings are in good agreement with the recent work of Yiannakou et al. [25] on femtosecond laser-induced structures on Si irradiated in water. They showed that LIPSS structures on Si with a periodicity of about 150 nm suppressed cell adhesion, while coarser (but not too sharp) laser-induced structures in the µm range could be well colonized by cells.
Titanium is like aluminum, niobium, tantalum, and others a valve metal, which forms in contact with the air or aqueous solutions at its surface a stable passive oxide film. The native thin-oxide layer can be thickened upon anodic polarization [26, 27] , which, for Ti, is accompanied by a visible color change [6, 28] . This electrochemical oxide growth occurs via high-field-assisted migration of Ti cations outwards and of oxygen ions inwards. Local oxidation was performed by means of a flow-type scanning droplet cell microscope (FT-SDCM) for which the measuring head was manufactured by 3D printing [29] . The thickness, composition, crystallinity, and charge distribution of the Ti-O films influence strongly their interaction with cells and other biological materials. For instance, it has been shown that oxide layers formed by ion implantation, sputtering, or ion beam enhanced deposition provided a good hemocompatibility of Ti surfaces [30, 31] . Proteins adsorbed on an oxidized Ti substrate prior to its colonization by cells had a major influence on initiating and directing cellular activities. It has been shown that Ti-O surfaces with sponge-like texture formed by chemical oxidation of Ti films with H 2 SO 4 /H 2 O 2 could significantly promote or limit the adhesion of specific proteins [32] .
In the current work, we investigate whether it is possible to suppress cell adhesion on a Ti-alloy surface (with a similar composition as that of the casings of the miniaturized heart pacemakers) by laser-induced nano-or microstructures in combination with electrochemical surface oxidation. For the cell tests, we chose murine fibroblasts. The cell cultivation was done either under static conditions or with additional shear stress mimicking the blood stream.
Experimental

Ti-alloy substrates
Commercial grade-5 Ti-alloy samples (Ti6Al4V, 3.7165) were purchased from Schumacher Titan GmbH (Solingen, Germany) as rods of 25 mm diameter. These rods were cut into circular slabs of 8 mm thickness and were mechanically polished, resulting in a mirror-like surface finish with an average roughness R a < 10 nm. For control experiments, 1 mm-thick flat medical grade Ti6Al4V samples with an area of 20 × 20 mm 2 were employed, which were purchased from Zapp Precision Metals GmbH (Schwerte, Germany).
Laser-induced microstructure formation on Ti substrates
For laser processing, a Ti:sapphire femtosecond laser amplifier system (Femtolasers, Compact Pro) was used, generating linearly polarized laser pulses (τ = 30 fs, λ = 790 nm center wavelength, f = 1 kHz pulse repetition frequency). The laser pulse energies E were measured by means of a pyroelectric detector (Coherent 3Σ, J-25LP-3A-2K head). The laser pulses were focused by a spherical dielectric mirror of 500 mm focal length. The samples were mounted on a motorized x-y-z linear translation stage (Micos VT-80, Germany) and placed normal to the incident laser beam. In the geometrical laser focus, a Gaussian-like spatial beam profile with a radius w 0 Page 3 of 9 734
(1/e 2 ) < 29-73 µm was measured. The corresponding peak fluence, ϕ 0 , in front of the sample surface was calculated via ϕ 0 = 2E/(πw 0 2 ). By linewise meandering movement of the sample under the focused laser beam (scan velocity v x = 0.145-0.365 mm/s, line-offset Δy = 0.015-0.05 mm), areas from 2 × 2 to 8 × 8 mm 2 were processed. At these conditions, the effective number of laser pulses per focused laser spot diameter D = 2w 0 (for a single laserprocessing pass) accounted to N eff = (D × f)/v x [33] in the scan direction. These processing parameters corresponded to a laser peak fluence of ϕ 0 ∼ 3.0 J/cm 2 along with an effective number of laser pulses of N eff ∼ 400. Using an ultrasonic bath, the samples were cleaned in acetone after the laser processing.
The morphology of the laser-processed surfaces was characterized by scanning electron microscopy (SEM, Carl Zeiss Gemini Supra 40).
Contact angle measurements
To evaluate and compare the wetting properties of the unprocessed Ti-alloy surfaces with the laser-irradiated and chemically treated surfaces, contact angle measurements were performed. Prior to the measurements, the sample was rinsed with ethanol to remove possible impurities and dried. The sessile drop method was used to measure the static contact angle on the different surfaces. Each time, a droplet of 1 μl of distilled water was used. For each surface, five contact angle measurements were performed and the mean values and standard deviations were calculated.
Coverage by murine fibroblasts
Cells and cell culture
Cells from a murine fibroblast cell line, namely, LTK (ECACC 85011432, UK), were used as test system. They were grown in DMEM (Lactan, Graz, Austria) + 2 mM Glutamine (Sigma) + 10% Foetal Calf Serum (FCS, Biochrom, Berlin, Germany), supplemented with 50 U/ml Penicillin + Streptomycin (Serva, Heidelberg, Germany) in H 2 O-saturated atmosphere with 5% CO 2 at 37 °C. They were split typically once a week at a ratio of 1:10. Finally, the cells were seeded onto the Ti-alloy samples with the laser-written microstructures, which were placed in Petri dishes, and cultivated as described above for 3-21 days.
For shear stress experiments, a home built cone rheometer with a tip angle of 5° was used. Revolution speed was adjusted yielding a shear stress of 1 dyn/cm². Cells were sheared in the incubator for 5 days.
Electron microscopy of cell covered surfaces
Cell attachment at the surface and cell morphology was evaluated by means of scanning electron microscopy (SEM). For this, the cells were fixed with 6% glutardialdehyde (GA; Merck, Darmstadt, Germany) in PBS (phosphate buffered saline) over night followed by dehydration by means of ascending ethanol series (30, 40, 50, 70, 80 , 90, 96%, 3 × 100%) 30 min each. Then, the samples were transferred into 100% hexamethyl-disilazane (HMDS; Merck). HMDS was exchanged three times. The HMDS was evaporated over night. Finally, samples were sputter-coated with gold. SEM images were obtained with a Philips SEM 525 (Philips, Germany) at 15 kV. Figure 1 shows SEM images of laser-induced microstructures on a Ti-alloy surface after irradiation with about 400 fs Ti:sapphire laser pulses per spot at a fluence above the ablation threshold, taken at four different magnifications. The images were acquired under a tilt angle of 60°. The surface is covered by quasi-periodic conical spikes with a spacing of about 5 µm and a height of > 5 µm. Due to the linewise scanning of the laser spot, the spikes are arranged in rows, which is most obvious in Fig. 1a . The spike structures are covered by more regular parallel sub-micrometric LIPSS grating structures, resulting in a hierarchical surface morphology. The periodicity of the LIPSS grating is about 300-350 nm, which is considerably lower than the laser wavelength of λ = 790 nm. The linear polarization of the laser beam is parallel to the grating vector of the LIPSS structures. Figure 2a shows a Ti-alloy sample after electrochemical oxidation at five spots with a diameter of about 3.5 mm. The spot 5 in the middle is hardly visible. The sample is covered by cells and is, therefore, placed in a Petri dish. The arrangement of the five spots is schematically shown in Fig. 2b . The electrochemical treatment of the different spots is described in Table 1 . The oxidized spots have a gold, brown, or blue color, which correspond according to reference [6] to an oxide layer thickness of about 10, 25, or 40 nm, respectively. However, it is not clear whether those results can be directly transferred to our investigations, as it is, for instance, not clear which specific Ti-alloy composition and treatment conditions were used there. However, it is consistent that the spot 1 with the highest applied voltage (potentiostatic, 18 V) and the longest treatment time is blue and that spots 2 and 3 with potentiodynamic 0-10 V have a darker gold/brown hue than spots 4 and 5 with potentiodynamic 0-3 V. Under the same conditions, the spots treated in NaOH were darker than those treated in H 2 SO 4 . SEM images of fibroblasts 2 weeks after seeding are shown in Fig. 3 . On a flat Ti-alloy substrate without laser processing or electrochemical treatment (Fig. 3a) , the cells are confluent and form dense multi-layers. The cells have an elongated shape (which is typical for fibroblasts), but show no preferred orientation over longer distances. Fibroblasts grown on areas with laser-induced conical spikes (Fig. 3b ) are separated and seem to grow only on the tips of the spikes. Between the cells, there are free spaces, where the underlying laser-patterned Ti-alloy surface is visible. While it was easy to distinguish in the SEM laser-treated areas covered by cells from flat untreated areas covered by cells, the distinction between electrochemically treated areas covered by cells and flat untreated areas covered by cells was difficult, at least in the SEM images. We had to mark the visible colorized spots with scratches. A closer look, however, showed that the cells on the electrochemically treated areas (for example, in Fig. 3c ) have a more pronounced shape than those on the untreated areas (Fig. 3a) , which may be an indication that their density is lower. The fact that there are more spherical small cells, which are not adherent and are not integrated into the cell layers is, however, not systematic. Such cells are also visible on other places at untreated areas (not shown) and on the laser-processed area, as shown in Fig. 3b . Here, they are hard to distinguish in the SEM image from the spikes. Figure 4a shows the schematics of the head of the FT-SDCM setup used for the electrochemical treatment. The orifice of the head had a diameter of 7 mm, which was chosen to overlap the full 4 × 4 mm 2 areas of the laser processing. The arrangement of the different areas is shown in Fig. 4b . The round spots (1) (2) (3) (4) (5) are the five electrochemically treated spots (with the conditions in Table 1 ) and the black rectangles were laser processed before the chemical treatment. The black lines between the rectangles indicate the fact that the laser was not switched off when moving from one rectangle to another. The sample was large enough that water contact angle (CA) measurements could be performed on areas which were laser processed and chemically treated (LP + CT), only chemically treated (CT), or unprocessed (Ti). The contact angle value on the unprocessed Ti-alloy area (shown in grey in Fig. 4b ) is about 75° ± 5°, i.e., it is moderately hydrophilic (Fig. 5a ). The contact angle on the laser structured area (with no additional treatment) has a value of 113° ± 10°, that is, laser irradiation renders the Tialloy surface hydrophobic (Fig. 5b) . The contact angle values for the five chemically treated Ti-alloy surfaces are summarized in Table 1 . It can be seen that the chemical treatment Fig. 1) , and c electrochemically oxidized Ti-alloy substrate (under condition as spot 5 in Table 1 Table 1 ) in different hues, and the laser-processed areas, which were subsequently chemically treated, in black made the Ti-alloy surface more hydrophilic (Fig. 5c) . The contact angle measurements on the laser processed and later chemically treated areas showed that a combination of these two factors (surface roughness and chemistry) resulted in an even more hydrophilic surface. When applying a droplet of water, it immediately spread on the surface, forming a contact angle lower than 15° (Fig. 5d ). An SEM image of the rim between a laser-processed area with spikes and flat Ti surface is shown in Fig. 6a . Both areas were also electrochemically oxidized under acidic conditions (the same as spot 3 in Table 1 ). Clearly visible are the laser-induced microstructures at the right side of the image. Figure 6b shows the same sample at a similar position after cultivation with fibroblasts for 1 week. While on the only chemically treated flat area, the fibroblast form multi-layers with additional spherical non-adherent cells, which sometimes form clusters, only few adherent cells can be found on the right side of the image of Fig. 6b . The sample had again five spots with different electrochemical treatment conditions (i.e., those of Table 1 ). Regarding suppression of cell adhesion, the best result was obtained for the conditions of spot 3 in Table 1 , the second best for the conditions of spot 5. For both spots, the electrochemical oxidation was performed in H 2 SO 4 (with two different potentiodynamic voltage ranges and different scan rates). Another sample, again with five spots treated under the conditions of Table 1 , was kept for 2 weeks in the cell culture and then evaluated. The results remained qualitatively the same (e.g., best suppression of cell adhesion for spot 3), even though more cells were found on the laser-processed areas. On the upper right side of Fig. 6b , there are a few adherent spread fibroblasts at the laser-processed area and also spherical small nonadherent cells. It seems that the latter are also present in the lower right side of the image, but it is again difficult to distinguish them in the SEM image from the spikes.
Results
The suppression of the cell adhesion can be increased if the cell culture is not performed under static conditions but with additional shear stress. This is shown in Fig. 7 for a sample which was kept for 5 days in culture with a shear stress of 1 dyn/cm 2 , which is produced by a rotating cone in the culture dish. Again, the best result regarding suppression of cell adhesion was obtained for the conditions of spot 3 in Table 1 , which is also shown in the figure. There are no adherent cells in the laser-processed Table 1 without laser processing; and d laser-processed Ti alloy with chemical treatment of spot 1 in Table 1 area, but only spherical non-adherent cells, which sometimes form clusters. Most of the laser-processed area is completely free of cells. LIPSS sub-structures on the spikes are visible in many places of the magnified image, as shown in Fig. 7b . On the lower right edge of Fig. 7b , a closer look also reveals some fibrilar material which is most probably collagen produced by the fibroblasts, as this is typical for this cell type.
Discussion
The thermal penetration depth l th for laser processing is given by l th = (D × τ) 1/2 , where τ is the laser pulse length and D is the thermal diffusivity [9] . In control experiments, we irradiated the Ti-alloy surfaces with λ = 284 nm KrF excimer laser pulses with pulse lengths of τ = 20 ns and a fluence above the ablation threshold and observed only surface Table 1 ); b magnification in the area of laser-induced spikes melting without formation of conical spikes, probably due to the larger value of l th compared to femtosecond laser treatment. Just on the rim of the irradiated spots, we found sharp features (with dimensions similar to the spikes in Fig. 1 ), which were probably formed by re-solidified melt splashes. We seeded cells on these features and found some influence on the cell morphology and cell density, but much less pronounced than for the femtosecond laser-induced spikes, as shown in Fig. 3b . These nanosecond laser-induced microstructures were also smooth and not covered by finer LIPSS patterns, as the process for their formation is mostly thermal and the laser radiation also was not linearly polarized. Therefore, the worse results regarding suppression of cell adhesion may also be attributed to the missing LIPSS structure.
The features of the structured and oxidized Ti-alloy surface address three different aspects in cell adhesion. The flexibility of an adherent mammalian cell is limited, and therefore, it cannot follow sharp surface features like the laser-induced spikes. The contact area is limited to the tips of the spikes, which considerably weakens the possible adhesion forces. The trans-membrane adhesion proteins in the cell membrane (i.e., the integrins) are clustered to focal adhesions which have sub-µm lateral dimensions and typical distances of up to a few µm. The effect of sub-µm LIPSS structures is probably that they restrict the number of focal adhesions which are in contact with the ridges of the ripples leading also to weaker adsorption. In addition, forced unfavorable distances of the focal adhesions in the cell membrane may induce cell-internal signal pathways leading to a separation from the surface. It is assumed that the individual integrins are not connected directly to the surface of an implant or cell-culture substrate but to extra-cellular matrix proteins, which are adsorbed on the surface, either originating from the surrounding medium or produced by the cell itself. The oxidation of the surface may additionally limit the adhesion of important adhesion-promoting proteins or promote the adhesion of adhesion-limiting proteins (as suggested in [32] for various proteins) if the properties of the oxide layer are optimized for this purpose.
As we have shown in Fig. 5d , the areas with laser-induced spikes and additional electrochemical oxidation are highly hydrophilic. This is remarkable as many (but not all) bioinert surfaces, like Teflon, are hydrophobic, which may cause problems regarding clotting in contact to blood. We also tested blood and other body fluids and found that the surfaces of Fig. 5d are completely wettable by these fluids. This seems to be in accordance with the findings in the references [30, 31] , which claim that oxidized Ti surfaces are hemocompatible.
We performed our cell test with fibroblasts and not with endothelial cells, which form the natural inner linings of blood vessels, because the histological analysis of the tissue around an encapsulated pacemaker in reference [2] revealed that it consisted mainly of scar tissue, i.e., of fibroblasts and extra-cellular matrix proteins like collagen produced by these cells. Murine fibroblasts from cell lines are renowned for their excellent adhesion properties. Thus, it can be expected that a surface which is repellent for these cells also repels primary adherent cells of this and other cell types.
The shear stress experiments reported here were performed at a rather low shear stress rate of 1 dyn/cm 2 compared to 5 dyn/cm 2 , which is a typical value for the venous system. We expect that in vivo, in the body blood stream, non-adherent cells and also extra-cellular matrix material would be washed away even more efficiently than in our in vitro experiments at low shear rates, where we already see clear effects.
For the application with the implantable miniaturized pacemakers, one would probably only pattern a relatively narrow ring around the casing of the pacemaker with laserinduced spikes. As it is shown schematically in Fig. 8a , this ring should control the depth of the ingrowth of the implant into the heart wall. Probably, one would arrange the rows of the spikes around the casing perpendicular to the axis.
Conclusions
The Ti-alloy TiAl6V4 is often used for medical implants. We showed that femtosecond laser irradiation of that material can result in the formation of sharp conical spikes which are covered by sub-wavelength laser-induced periodic surface structures. We could demonstrate for the first time that in combination with electrochemical oxidation, these structures form a cell-repellent surface which is also hydrophilic. These surfaces may have interesting applications in the field of medical implants or prostheses, which have to be removed tissue of the heart wall laser-induced spikes 5 mm pacemaker Fig. 8 Schematics of envisaged ingrowth of miniaturized pacemaker with laser-induced spikes from the body some time after the implantation or which should be overgrown only partially.
